Abstract. Oxidation of mitochondrial fatty acids (FA) results in the generation of reactive oxygen species (ROS) which have been postulated to play a key role in the initiation and progression of prostate cancer (PC). We previously reported that androgens increase FA uptake into PC cells. We thus examined if androgens that are known to induce ROS generation regulate FA oxidation in PC cells. The effects of the androgen-depleted medium, R1881 (synthetic androgen) and/ or androgen receptor blocker, bicalutamide were examined in the human androgen-responsive but not dependent 22rv1 cells. R1881 supplementation significantly increased mitochondrial FA oxidation ( 14 C-radiolabeled FA degradation studies), resulting in increased ROS production. Androgens increased the mRNA levels of carnitine palmitoyltransferase (CPT1), the rate limiting enzyme in the process of mitochondrial FA oxidation. Treatment with R1881 and bicalutamide inhibited these androgen regulated effects. Inhibition of mitochondrial ROS generation by two different inhibitors, rotenone and thenoyltrifluoroacetone, eliminated the androgeninduced ROS generation, to the same level as in cells deprived of androgens or treated with R1881 and bicalutamide. Taken together, androgens increase the mitochondrial oxidation of FA, leading to increased production of ROS that is associated with prostate cell proliferation and mutagenesis. These results therefore support the rationale for PC prevention using 5-· reductase inhibitors, dietary restrictions or anti-oxidants, each of which has different inhibitory but complementary effects.
Introduction
Prostate cancer (PC) is currently the most common noncutaneous malignancy and the second leading cause of cancer death in American men (1) . PC is an attractive target for prevention strategies because it has a high incidence, a long protracted latent course and defined risk factors. Descriptive epidemiologic data suggest that androgens, genetic susceptibility and environmental exposures, such as diet (in particular, dietary fat and low anti-oxidant compounds), play an important role in prostatic carcinogenesis (2) . A possible link between all these risk factors is the generation of oxidative stress within prostatic cells (2, 3) . Oxidative stress is a key factor in the initiation and development of PC. It is caused by an imbalance between the production of reactive oxygen species (ROS) and their detoxification, triggering a host of pro-carcinogenic processes, and in particular accumulation of oxidative DNA damage. ROS have also been shown to exert regulatory roles in controlling cell proliferation, survival and differentiation. PC cells with elevated levels of ROS demonstrate enhanced cell signaling and activation of target genes that promote their survival and progression (4, 5) . We (6) and others (7) have shown that androgens increase the production of ROS in PC cells, but the mechanism(s) remain unclear.
Recently, we also demonstrated that androgens increase the uptake of medium-and long-chain fatty acids into PC cells (8) . These fatty acids can then either serve as building blocks for triacylglycerols and major membrane lipids, as has been extensively shown for PC (9) , and/or potentially be directed to degradation. Surprisingly, there is limited data on fatty acid degradation (oxidation) and its regulatory mechanisms in PC. This is a pivotal issue, since a significant proportion of cellular ROS production is coupled to mitochondrial fatty acid oxidation. Since increased fatty acid content in the diet is a known risk factor for the development of PC, potentially through the induction of oxidative stress, we hypothesize that androgens regulate mitochondrial fatty acid degradation. This links three different risk factors for PC: androgen stimulation, fatty acids and oxidative stress.
Materials and methods
In vitro experimental models. The androgen-responsive 22Rv1 human PC cell line was purchased from the American Type Culture Collection (Manassas, VA). Cells were grown in androgen-depleted medium composed of phenol-free RPMI-1640 medium, 10% charcoal-stripped fetal bovine serum (csFBS) (Gibco, Grand Island, NY), 10 mM Hepes (Gibco), 1.0 mM sodium pyruvate (Gibco ), 2 mM L-glutamine (Invitrogen) and 1.0% penicillin and streptomycin (Gibco). Cell lines were cultured at 37˚C in a humidified atmosphere containing 5.0% CO 2 .
Hormonal treatments. The synthetic androgen R1881 (Sigma-Aldrich, Oakville, ON, Canada) was added to a final concentration of 10 nM to create an androgen-supplemented medium. This concentration was selected to recapitulate the normal values for testosterone in the serum of adult males (14-35 nM). To block the effects of testosterone, the androgen receptor blocker bicalutamide (Astra Zeneca, Macclesfield, UK) was added to a final concentration of 10 μM, reproducing the mean plasma concentration (50.2 μM) in PC patients treated with bicalutamide monotherapy (150 mg daily) (10) . Cells were pre-incubated in serum-starved media containing 0.5% FBS for 24-72 h before further manipulation. Incubation with the different hormonal treatments was for 48-72 h.
Nitroblue tetrazolium (NBT) assay. Cells were grown to 80% confluence in 96-well plates. R1881 and/or bicalutamide were added 48 h before the experiment. Rotenone (100 μM, Sigma-Aldrich), thenoyltrifluoroacetone (PTFA: 150 μM, Sigma-Aldrich) and N-acetyl cystein (NAC: 10 mM, SigmaAldrich) were added 1 h before the experiment. ROS production was detected by the NBT assay (Sigma-Aldrich) as previously described (6) . Briefly, cells were incubated for 90 min in phosphate-buffered saline (PBS) containing 0.1% NBT. The formazan crystals that were generated from the reduction of the NBT by the ROS were dissolved by sonication in 50% acetic acid, and the optical absorbance was determined at 560 nm. After the subtraction of assay blanks, the results were normalized to the metabolic activity of cells in each hormonal condition, as determined by the WST-1 assay (Roche, Quebec, Canada). Briefly, the tetrazolium salt WST-1 is converted into a colored dye by mitochondrial dehydrogenase enzymes. The soluble salt is released into the media producing a color change (read at 450 nm with a reference reading at 630 nm) which is directly proportional to the amount of mitochondrial dehydrogenase, a reflection of the net metabolic activity of the cells.
Confocal microscopy. Cells were cultured for 72 h under the different hormonal conditions described above. One hour before the experiments, 100 μM Rotenone, 150 μM PTFA or 10 mM NAC was added to the medium. Cells were harvested and placed onto glass cover slips at a density of 10 3 cells/ml. Cells were stained with 5 μM dihydroethidium (DHE, Molecular Probes, Burlington, Ontario, Canada). After 24 h, the cells were loaded with 5 μM dihydroethidium (DHE, Molecular Probes) for 30 min at 37˚C. After two PBS washes, fresh medium was added. DHE is oxidized by ROS to yield ethidium, the fluorescence of which was measured with a confocal fluorescence microscope (excitation = 475 nm, emission = 610 nm). Images were analyzed with Image Pro software (Media Cybernetics, Silver Spring, MD).
Fatty acid degradation assay. The 22Rv1 cells were grown to sub-confluence and treated with the different hormonal conditions described above in RPMI-1640 medium without phenol red plus 0.5% csFBS for 72 h. Prior to adding 14 Cpalmitic acid (specific activity 793 mCi/mmol) (GE Healthcare, QC, Canada) to the cells, 1 cm diameter Whatman fiber disks (GE Healthcare) pre-treated with 100 μl of tissue solubilizer base (GE Healthcare) for 30 min were suspended by a pin from the underside of a rubber septum (Sigma-Aldrich). The cells were washed with 1X PBS twice, trypsinized and collected. After re-suspension in Dulbecco's phosphate buffered saline (DPBS), 2x10 6 cells in a volume of 1.5 ml were added into each vial. Nine microliters of 0.20 μCi/μl 14 C palmitic acid were added to 351 μl of dimethyl sulphoxide (DMSO) and mixed, and then 20 μl was added to each vial (to receivẽ 1.3% v/v DMSO) and swirled. The glass vials were then fitted with the rubber stopper-fiber disk to collect the 14 Clabelled CO 2 released from the oxidation of the 14 C-palmitic acid, while avoiding contact between the disks and the cellbuffer mixture. The vials were then incubated at 37˚C for 1 h, with continuous gentle agitation throughout the incubation time. The disks were removed after 1 h and placed in scintillation plastic vials (Fisher, AB) containing 5 ml of scintillation cocktail (Ready Safe: Beckman, CA) and 50 μl of glacial acetic acid (Caledon, ON, Canada). The counts were collected using a liquid scintillator system to measure ß emissions and expressed as disintegration per minute (DPM). Background counts from control vials containing PBS and 14 C palmitic acid were subtracted to obtain the final values.
Real-time quantitative PCR. Different hormonal conditions described above were applied to 22Rv1 cells for 24-48 h. Total RNA was extracted from the cells (Total RNA isolation kit, Molecular Bio, Carlsbad, CA) and treated with DNase (Sigma-Aldrich). The total RNA levels were normalized by UV spectrophotometry (Beckman DU 640B) and also by quantification of the 18S, 28S RNA transcript with Bio-Rad Quantity One software. Complement DNA (cDNA) was prepared from 5 μg total RNA with Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA). Relative quantitative real-time PCR of the CPTI liver isoenzyme (L-CPTI) and muscle isoenzyme (M-CPTI) was performed using following primers: L-CPTI forward 5'-GTCCCGGCTGTCAAAG ACA-3', reverse 5'-CCGACAGCAAAATCTTGAGCA-3' (amplified fragment size 109 bps) (11); M-CPTI forward 5'-CCGGGACAGGGGTAAGTTCT-3', reverse 5'-CTCCAT CATGGCCTGCACAA-3' (126 bps). PCR reaction was carried out in MiniOpticon System (Bio-Rad, Hercules, CA) with SYBR Green Supermix (Bio-Rad). The PCR conditions were: denaturation 94˚C 3 min; annealing 62˚C 25 sec; extension 72˚C 25 sec; 35 cycles. All experiments were completed in triplicate with 4 repetitions using RNA isolated from a new batch of cells. The relative amount of target cDNA (reflecting mRNA level) was normalized to the amount of ß-actin [(Primers: 5'-TCTACAATGAGCTGCGTGTG-3' (forward), 5'-AGCCTGGATAGCAACGTACA-3' (reverse) (162 bps)]. The mean mRNA levels of control cells were expressed as 1 to allow the comparison to the relative change of the mRNA levels under the experimental conditions (R1881 and R1881+ bicalutamide). All experiments were normalized using the ΔΔC T method.
Statistical analysis. Statistically-significant differences between the 2 experimental groups were determined using the independent sample Student t-test with a 2-tailed value of P<0.05 considered significant. Statistically-significant differences between the experimental groups and controls (of which the mean was achieved by averaging multiple repetitions is expressed as 100% in Fig. 2 and as 1 in Fig. 3) were determined using one sample t-test with significance. Statistical analysis was performed using SPSS 12.0 (Chicago, IL).
Results

Androgens induce mitochondrial ROS production.
To determine if the androgen induced increased production of ROS in PC cells originates from mitochondrial sources, we measured the induction of ROS under conditions of androgen supplementation and deprivation, with and without the addition of rotenone, an inhibitor of mitochondrial electron transport chain complex I, or thenoyltrifluoroacetone, an inhibitor of complex II, as well as the general ROS scavenger-NAC (control). Cellular generation of ROS was examined using two independent methods: the NBT reduction assay (Fig. 1a) and DHE fluorescence imaging (Fig. 1b) . As we previously described (6), incubation of 22rv1 cells with R1881 increased the production of ROS as compared to cells deprived of androgens (p=0.001) or cells that were treated with both Figure1 . Effect of androgens on mitochondrial production of ROS in 22rv1 cells. Cells were grown for 48 h in 96-well plates with or without R1881 and bicalutamide. Cells were than treated with 100 μM Rotenone, 150 μM thenoyltrifluoroacetone (PTFA) or 10 mM N-acetyl cystein (NAC) for 1 h before conducting the NBT reduction assay (a) or the DHE confocal microscopy (b). Results are from one of at least three independent experiments (with 6 repetitions in each) with similar results. CT= androgen-depleted medium comprising phenol-free medium and 10% csFBS; A+ = Same medium as CT + 10 nM R1881; A+ Bic = Same medium as CT + 10 nM R1881 and 10 μM bicalutamide R1881 and bicalutamide (p=0.001), indicating that androgens increase the mitochondrial production of ROS through androgen receptor mediated pathways (Fig. 1) . However, the addition of rotenone or thenoyltrifluoroacetone significantly blocks the R1881 induced production of ROS equalizing the ROS levels across all hormonal conditions (Fig. 1) . Collectively, these experiments confirm that androgens do indeed affect the mitochondrial production of ROS.
Androgens induce mitochondrial oxidation of fatty acids.
Since androgens increase the mitochondrial production of ROS in PC cells, a process that is mainly coupled to mitochondrial ß oxidation of fatty acids (12), we examined if androgens regulate this biochemical pathway, by comparing the degradation of 14 C-palmitic acid to radio labeled 14 CO 2 under different hormonal conditions (Fig. 2) . Treatment with R1881 significantly increased the degradation of 14 C-palmitic acid compared to control cell treated with androgen deprivation (p=0.001). Incubation with both R1881 and bicalutamide inhibited the degradation of 14 C-palmitic acid to values similar to control androgen-deprived cells but significantly lower than in R1881-supplemented cells (p=0.001). 
Androgens positively regulate the transcription of carnitine palmitoyltransferase I (CPTI).
In order to understand the mechanism by which androgens increase the mitochondrial oxidation of fatty acids, we investigated whether androgens regulate the expression of CPTI, the rate-limiting enzyme in the fatty acid oxidation pathway. CPTI is located on the outer mitochondrial membrane and catalyzes the transfer of a longchain fatty acyl group from coenzyme A to carnitine in order to shuttle fatty acids into the mitochondria. CPTI has 2 isoenzymes: liver form (L-CPTI) and muscle form (M-CPTI). To our knowledge, the expression of both isoenzymes has never been described in PC. In the absence of compatible antibodies to L-CPTI and M-CPTI that would allow testing of the protein levels, we used real-time quantitative PCR to examine the effects of androgen on the transcript level. We found that androgens significantly increased the mRNA expression of the L-CPTI isoenzyme in 22rv1 PC cells (Fig. 3a) . Incubation with both androgens and the androgen receptor blocker bicalutamide reduced the mRNA expression of the L-CPTI isoenzyme to levels lower than that in control androgen deprived cells (p=0.003). Although androgens increased the mRNA expression of the M-CPTI isoenzyme over control androgen deprived cells (Fig. 3b) this did not reach statistical significance (p=0.16). However, incubation with both androgens and bicalutamide significantly inhibited the androgen induced expression of M-CPTI mRNA compared to androgen supplemented cells (p=0.048). These results suggest that the mRNA expression of both CPTI isoenzymes is regulated in 22rv1 PC cells in an androgen receptor-mediated pathway.
Discussion
Although still a matter of debate, several epidemiological and experimental studies have suggested that fatty acids have a role in the development and progression of androgensensitive-PC (13) (14) (15) . We examined the link between fatty acid metabolism and the effects of androgens on the generation of oxidative stress, a key event in prostate carcinogenesis (3) . Thus, in the present study we tested in vitro the hypothesis that androgens regulate the production of ROS by increasing the mitochondrial oxidation of fatty acids.
The involvement of androgens in fatty acid metabolism occurs at multiple levels, from cellular uptake to oxidation or their conversion in the process of lipid synthesis. We previously demonstrated that androgens increase the cellular uptake of medium and long chain fatty acids by inducing the expression of one of the fatty acid membrane binding proteins, FABPpm (8) . Upon uptake, the fatty acids can either be directed to fat synthesis or can serve as a metabolic fuel through their oxidation. This may be an important bioenergetic pathway in PC, which is not a highly glycolytic tumor. Unlike most other tumors (16) and in contrast to the androgen-independent phase of PC, glucose is probably not required as a metabolic source for the slow growth of androgen-dependent PC cells (17) . This suggests that androgens may regulate the utilization of an alternative energy production pathway, likely via fatty acid oxidation (18) . Accordingly, several well documented alterations in the expression and/or activity of enzymes involved in this pathway characterize PC: loss of stearoyl-CoA desaturase (SCD) (19) , an enzyme involved in the synthesis of mono-saturated fatty acids, causes accumulation of palmitate. This is a negative regulator of ACC, which consequently reduces the level of malonyl-CoA and thereby increasing the activity of CPTI, which is the rate-limiting step in fatty acid oxidation (20) . Zha and colleagues (21) demonstrated that there is upregulation of enzymes involved in peroxisomal branched-chain fatty acid oxidation to medium and short chain fatty acids, which then undergo final ß-oxidation in the mitochondria. In addition, one of the characteristic changes in PC is overexpression of ·-methylacyl-CoA racemase (AMACR): over 95% of prostate cancers, of all grades and stages and in both hormone refractory and sensitive cases, stain positively for AMACR as compared to <4% of histologically normal prostate epithelium (22) . AMACR plays a critical role in the oxidation of branched chain fatty acids which originate almost entirely from the diet. These fatty acids contain methyl groups on carbon 2 (relative to the carboxyl group) in R-stereo-chemistry, whereas the enzymes of the ß oxidation pathway can only metabolize substrates having the S epimer (23, 24) . Hence AMACR, which catalyzes the interconversion between R and S stereo-isomers, facilitates fatty acid oxidation. Overall, PC cells seem to express enzymatic machinery that promotes fatty acid oxidation. Nevertheless, current data regarding the potential regulation of these enzymes by androgens is lacking or negative for AMACR (25, 26) .
It is well established, however, that androgens induce lipogenesis in PC cells. Androgens regulate the expression of multiple genes involved in lipid metabolism (9) . In particular, androgens increase the gene expression and activity of fatty acid synthase (FAS), a key enzyme in fatty acid synthesis that catalyzes the synthesis of fatty acids from acetyl-CoA and Malony-CoA (9). In fact, increased FAS expression has been shown to correlate with poor prognosis and with the development of androgen-independent disease (27) . Although it was clearly demonstrated that androgens increase the enzymatic activity of FAS, these studies were conducted following exogenous supplementation of 14 C-labeled malonylCoA, the substrate for FAS (28) . To our knowledge, no study has actually measured the levels of malonyl-CoA in PC cells following androgen supplementation or deprivation.
The fact that androgens stimulate lipogenesis does not contradict our findings. In fact, it is possible that androgens induce the activation of both lipogenesis and fatty acid degradation in a coordinated fashion. Accordingly, androgens stimulate the activity of FAS, leading to the accumulation of palmitate that in turn inhibits ACC, thereby shifting the pathway towards fatty acid oxidation. That is, through the induction of lipogenesis and accumulation of palmitate, androgens induce feedback inhibition on ACC, thus ultimately increasing the rate of fatty acid oxidation. This model explains the dual role of androgens: first, enhancing lipogenesis and second, subsequently facilitating fatty acid oxidation in androgen-dependent or androgen-responsive PC. Accordingly, with the pro-proliferative effects of androgens there is a demand for increased building blocks for membranes (phospholipids) and hence there is a rationale for increased lipogenesis, but this is accompanied by higher energy requirement that is addressed by subsequent enhancement of fatty acid oxidation.
Our findings also contribute to support the rational for PC prevention: given the central role of long-term exposure to androgens, high dietary fat content, and oxidative stress in the initiation and progression of PC, our findings provide a potential integrated model to explain the combined contribution of all 3 risk factors to PC carcinogenesis (Fig. 4) . The uptake of fatty acids into PC cells is androgen regulated through the increased expression of FABPpm (8) . Therefore, more fatty acids are available for mitochondrial oxidation, a process that is also positively regulated by androgens, possibly due to increase expression of CPTI. Increased fatty acid oxidation leads to increased production of ROS that is associated with cancer cell proliferation and mutagenesis. These results therefore support the rationale for PC prevention using 5-· reductase inhibitors (29, 30) dietary restrictions or antioxidants, each of which have different inhibitory but complementary effects.
This study was conducted using only a single PC cell line. The objective however was to use a prototype human PC cells as a model system to prove a concept. In this respect the 22rv1 cells, which express the androgen receptor and are androgen responsive and not dependent is an ideal model as it can be manipulated by androgens/androgen deprivation and maintain metabolic activity and proliferation under both conditions. This study was conducted in vitro to delineate the potential effect of androgens on mitochondrial FA oxidation. In vivo studies are planned to investigate the effects of androgens on the enzymatic activity of CPT1, in addition to altering its expression as demonstrated here in vitro.
